
Plas t ic  Behavior of Coal Under 
Rapid-Heating High-Temperature Conditions 

William S. Fong, Yehia F. Khalil, William A .  Peters, and Jack B.  Howard 

Massachusetts In s t i t u t e  of Technology 
Cambridge, Massachusetts 02139 

Department of Chemical Engineering and Energy Laboratory 

Introduction 

Bituminous coals upon heating undergo a number of physical and chemical changes. 
The solid coal passes t h r o u g h  a transient p l a s t i c  ( f lu id )  phase before i t  r e so l id i f i e s  
to  form coke. This t rans ien t  f l u id i ty  resu l t s  in caking and agglomeration of the coal 
Particles in the processing of many bituminous coals. 
contribute to  desirable process performance such as a strong and reactive product in 
metallurgical coke manufacture, or t o  undesirable operating behavior such a s  bed bog- 
ging in fixed or fluidized bed gas i f ie rs .  More fundamentally, the presence of the 
fluid phase can influence the pyrolysis ra te  process. A basic understanding of the 
Plastic behavior of coal i s  therefore essential  in the development of quantitative 
understanding of modern coal conversion and combustion processes. 

The mechanism of coal p l a s t i c i ty  i s  poorly understood. 
ing i s  in i t ia ted  by a superposition of physical melting and pyrolysis of the coal. A 
plasticizing agent (metaplast) generated by these processes maintains f lu id i ty  until  
evaporation, repolymerization, and thermal crackinq reduce i t s  concentration to a sub- 
c r i t i ca l  value causing resolidification (1-3). Previous studies of coal p l a s t i c i ty  
have mainly been performed under conditions pertinent t o  metallurgical coke making;  
i . e . ,  low heating ra te  carbonization of packed bed samoles. 
the Gieseler plastometer which operates a t  a heating r a t e  of 5 x 10-h K S - ~  t o  f ina l  
temperatures around EO0 K .  Pla t i c i t y  data a re  needed a t  the high heating r a t e s  and 

pressures ( u p  to  10 WPa) o f  in te res t  in coal conversion. 

A new apparatus ( 4 )  has been developed tha t  allows the rapidly changing p las t ic i ty  
of softening coal to  be measured as a function of the following oDerating co d i t ions ,  
each varied independently over the stated range: heating ra tes  40 - 800 K S - ~ ,  tempera- 
tures 600 - 1250 K ,  pa r t ic le  diameters l e s s  than 100 um and pressures of i ne r t  or 
reactive gases from vacuum t o  10 MPa. This paper presents the findings of a detailed 
study of the p las t ic i ty  of a high vola t i le  Pittsburgh No. 8 seam bituminous coal using 
th i s  instrument. Typical resu l t s  are presented and compared t o  predictions of a pre- 
liminary mathematical model of coal p las t ic i ty .  
within the coal was independently determined by pyridine extraction of rapidly quenched 
flash-pyrolyzed chars and correlated with the p las t ic  behavior. 
time-temperature history of the coal on the molecular weight of t h i s  ex t rac t  was deter- 
mined by gel permeation chromatography. 

Industrially, these phenomena may 

One picture i s  t ha t  soften- 

A stand r d  i strument i s  

temperatures ( u p  t o  15.000 Ks- 5 and 700 - 1300 K,respectively), and elevated hydrogen 

The inventory of fusable material 

The e f f ec t  of the 

Experimental 

( a )  plastometer 

involves measuring the torque required t o  ro ta te  a t  constant speed, a thin shearing 
disk embedded in a thin layer of coal i n i t i a l l y  packed as f ine  par t ic les ,  and confined 
between two heated metal plates.  The uni t  i s  enclosed in a high-pressure vessel tha t  
can be evacuated or charged with hydrogen or i ne r t  gas .  One end of the torque trans- 
ducer i s  joined t o  the shaft  of the shearing disk,  while the other end i s  driven by a 
gear motor. 

The plastometer i s  described in de ta i l  elsewhere ( 4 ) .  Briefly,  the technique 

Response time of the piezoelectric transducer i s  l e s s  t h a n  10 rns. 
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The d e t a i l s  o f  t h e  coal  shearing device are i l l u s t r a t e d  i n  F igure 1. The shearing 
chamber cons is t s  o f  a 0.50 im thick shear ing d i s k  o f  3.75 mm rad ius  i n  a 38.1 mm x 
0.76 nnn s l o t  formed by upper and lower bounding p l a t e s  held together  by a p a i r  o f  s ta in -  
l e s s  s tee l /ceramic clamps. The t h i n  coal l a y e r  between the d i s k  and each bounding p l a t e  
i s  thus 0.13 mm ( o r  about  two p a r t i c l e  diameters f o r  t h e  s i ze  o f  p a r t i c l e s  tes ted ) .  The 
shearing d i s k  and bounding p l a t e s  are machined from a n i cke l  supera l loy f o r  high-tem- 
pe ra tu re  s t rength,  c o r r o s i o n  res is tance,  and h igh  e l e c t r i c a l  r e s i s t i v i t y .  Measurement 
o f  temperature i s  by a t h i n - f o i l  thermocouple o f  0.013 mm th ickness (response t ime 
2 - 5 ms) at tached t o  the ou ts ide  surface o f  t he  upper metal p l a t e  o f  the shearing 
chamber. 
se lected magnitude and d u r a t i o n  through t h e  metal p l a t e s  f o r  heat ing up and hold ing the 
sample temperature, r e s p e c t i v e l y .  
t he  12 v o l t  OC source f o r  sample heatup. A l oad ing  dev ice ( n o t  shown here) (4) i s  used 
t o  pe rm i t  rep roduc ib le  l oad ing  o f  the coal  p a r t i c l e s  i n t o  the shearing chamber and a l i g n -  
ment o f  the r o t a t i n g  d i s k  w i t h  the  a x i s  o f  t he  t ransducer  shaf t .  
loaded shear ing chamber i s  p laced between the two e lect rodes i n  the viscometer before 
the  experiment, and t h e  coupl ings t o  the transducer a r e  then connected. 
t ransducer  aga ins t  over load d u r i n g  s ta r tup ,  the shearing d i s k  i s  r o t a t e d  manually one 
o r  two tu rns  u n t i l  a torque i n  a measurable range o f  4 - 5 x 10-2 Nm i s  a t ta ined .  The 
u n i t  i s  then evacuated t o  approx imate ly  5 Pa and f l ushed  twice w i t h  he l ium a t  0.1 MPa. 
Then the t e s t  gas i s  admi t ted u n t i l  t h e  des i red  t e s t  pressure i s  estab l ished.  The 
d r i v e  motor i s  s t a r t e d  0.5 s before t h e  hea t ing  c i r c u i t s  are ac t i va ted .  The torque vs 
time, and temperature vs t ime p r o f i l e s  throughout the e n t i r e  r u n  are each recorded on 
an e l e c t r o n i c  reco rde r  a t  a r a t e  o f  200 po in ts / s ,  d i g i t i z e d ,  and s tored f o r  subsequent 
data processing. 

Heating i s  by s e q u e n t i a l l y  passing two constant  pulses o f  c u r r e n t  o f  pre- 

Currents as h igh  as a few hundred A a r e  drawn from 

The assembled and 

To p r o t e c t  the 

( b )  Screen Heater Reactor 

The weight  l o s s  and e x t r a c t  y i e l d  data a re  obta ined from an enlarged and modi f ied 
ve rs ion  o f  the screen heater  r e a c t o r  descr ibed by Anthony ( 5 ) .  
of t he  same s i z e  used i n  the  p lastometer  s tudy (63 - 75 pm) are spread i n  a t h i n  l aye r  
between two faces o f  425 mesh s t a i n l e s s  screen o f  14 cm x 7 cm s ize.  The screen i s  
mounted between two e l e c t r o d e  b locks and heated by the  same h igh-current  c i r c u i t s  
used for  the p lastometer .  
i s  he ld  t i g h t  throughout  t h e  e n t i r e  run. V o l a t i l e s  r e a d i l y  escape t h e  immediate neigh- 
borhood o f  the screen and are d i l u t e d  by the  ambient r e a c t o r  gas (usua l l y  hel ium). A t  
t he  end o f  the p rese t  heat ing i n t e r v a l ,  a coo l i ng  va l ve  i s  au tomat i ca l l y  ac t i va ted ,  
and sprays p ressu r i zed  l i q u i d  n i t r o g e n  onto the  screen, r e s u l t i n g  i n  a subst rate quench- 
i n g  r a t e  exceeding 1100 Ks-1. The weight l o s s  o f  coal i s  determined by weighing the 
loaded screen be fo re  and a f t e r  t he  run. The e x t r a c t  y i e l d  i s  then determined by Soxhlet 
e x t r a c t i n g  the screen and char  w i t h  p y r i d i n e ,  d ry ing  the  ex t rac ted  screen and char i n  
a vacuum oven a t  120°C f o r  4 hours, and reweighing. 

Coal p a r t i c l e s  (-30 mg) 

One o f  the e lect rodes i s  spr ing- loaded so t h a t  the screen 

Resul ts  and Discuss ion 

The o b j e c t i v e s  of t h i s  work a re  t o  d e t e n i n e  the separate e f f e c t s  o f  temperature, 
heat ing ra te ,  pressure, r e a c t i v e  gaseous atmosphere, i no rgan ic  a d d i t i v e s  and p re t rea t -  
ment on coal  p l a s t i c  behavior  and t o  formulate k i n e t i c  models f o r  coal p l a s t i c i t y .  
Experiments t o  da te  have employed a P i t t s b u r g h  seam bituminous coal  o f  39% v o l a t i l e  
m a t t e r  and 63-75 urn p a r t i c l e  diameter. 
samples used p r e v i o u s l y  i n  t h i s  l abo ra to ry ,  was f r e s h l y  ground under n i t rogen ,  washed, 
s ieved and then vacuum d r i e d  a t  383 K f o r  4 hours. 

The coa l ,  which was from the same mine as the 

(a)  Typica l  P lastometer  Resul ts  

Figures 2 and 3 p resen t  t y p i c a l  data obta ined under 0.1 MPa and 3.5 MPa o f  helium, 
respec t i ve l y ,  a t  a d i s k  r o t a t i o n a l  speed o f  0.67 rpm (corresponding t o  an average shear 
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r a t e  o f  1.32 s-1). 
o f  874 K and then held a t  t h i s  temperature f o r  6.0 s. As the temperature increases, 
the torque decreases t o  a low value due t o  l i q u i d  format ion.  A f t e r  a pe r iod  of low 
v i s c o s i t y ,  the v i s c o s i t y  o f  the molten coal  r i s e s  t o  a h i g h  value due t o  progress ive 
r e s o l i d i f i c a t i o n  o f  t he  mel t .  However, cont inued r o t a t i o n  o f  the d i s k  breaks up t h e  
r e s u l t a n t  coke formed by r e s o l i d i f i c a t i o n ,  and the  torque vs t ime curve g radua l l y  
decreases the rea f te r .  

I n  F ig .  2 the sample was heated a t  461 Ks-l t o  a f i n a l  temperature 

The stages o f  phys ica l  change o f  t h e  coal  a re  i l l u s t r a t e d  i n  Fig. 3. For  the 
g iven shear r a t e ,  the torque i s  r e l a t e d  t o  the absolute v i s c o s i t y  by 1.0 x Nm f 
2.6 x 104Pa s. obta ined by c a l i b r a t i n g  the inst rument  w i t h  viscous l i q u i d  standards 
a t  room temperature us ing  a method descr ibed elsewhere (4 ) .  E s s e n t i a l l y ,  the shear- 
i n g  geometry i s  regarded as two se ts  o f  concentr ic  p a r a l l e l  d isks.  A c a l i b r a t i o n  
fac to r  i s  in t roduced t o  account f o r  the s l i g h t  d e v i a t i o n  o f  the ac tua l  inst rument  
geometry from the p a r a l l e l  d i s k  geometry. 
obta ined us ing the standard equat ion f o r  a concen t r i c  r o t a t i n g  d i s k  viscometer and 
the c a l i b r a t i o n  f a c t o r .  

To show how d i f f e r e n t  types o f  p a r t i c l e s  behave when heated i n  the  plastometer. 
samples o f  Montana l i g n i t e  (d r i ed ,  53-88 urn), quar tz  ( ~ 1 0 6  urn), P i t t s b u r g h  No. 8 coa l  
(d r i ed ,  63 - 75 urn) and the same P i t t s b u r g h  coal  pre-ext racted w i t h  p y r i d i n e  (d r i ed ,  
63 - 75 m) were separate ly  tested.  
quar tz ,  which does n o t  change i t s  phys ica l  form when heated, t he re  i s  an i n i t i a l  drop 
i n  torque due t o  the s l i g h t  thermal expansion o f  t he  shearing chamber when heated. 
A h igh  bu t  f l u c t u a t i n g  torque s igna l  r e f l e c t s  shearing o f  p a r t i c l e s  w i t h  r i g i d  edges. 
Montana l i g n i t e ,  which undergoes p y r o l y s i s  w i thou t  so f ten ing  under these cond i t i ons ,  
r e t a i n s  i t s  s o l i d  form b u t  experiences a decrease i n  volume due t o  weight  l o s s .  I t s  
torque curve thus shows a g e n t l e  decrease t o  a steady value. The P i t t sbu rgh  coal 
shows a p l a s t i c  behavior very d i f f e r e n t  from the  above so l i ds .  A low minimum torque 
va lue and a d i s t i n c t  p l a s t i c  pe r iod  are c l e a r l y  present .  F i n a l l y ,  t he  p y r i d i n e  pre- 
ex t rac ted  coal shows a delayed sof ten ing,  
i n t e r v a l  i s  sho r te r  as compared w i t h  t h e  un t rea ted  coa l ,  presumably due t o  t h e  p r i o r  
removal o f  some metaplast  precursor  by py r id ine .  

The apparent Newtonian v i s c o s i t y  i s  then 

F i g .  4 compares these r e s u l t s .  I n  the case o f  

R e s o l i d i f i c a t i o n  i s  f a s t e r  and the  p l a s t i c  

(b) Typica l  Screen Heater Resul ts  

In fo rma t ion  on the  t ime-resolved k i n e t i c s  o f  d e v o l a t i l i z a t i o n ,  t he  amount o f  
ex t rac tab les  formed w i t h i n  the  coal  and on the  molecular  weight  d i s t r i b u t i o n  and 
chemical makeup o f  these e x t r a c t s  prov ides independent b u t  complementary i n fo rma t ion  
about the mechanism o f  p l a s t i c i t y .  F ig .  5 i s  a t ime resolved p l o t  o f  y i e l d s  ' o f  
v o l a t i l e s  ( i . e .  weight l oss ) ,  p y r i d i n e  ex t rac tab les  from char, and the  p y r i d i n e  i n -  
so lub le  ma te r ia l  i n  the  char, f o r  a heat ing r a t e  o f  448 Ks-1 t o  a ho ld ing  temperature 
o f  858 K. A f t e r  d i f f e r e n t  ho ld ing  times, the sample i s  r a p i d l y  quenched w i t h  l i q u i d  
n i t r o g e n  (do t ted  l i n e ) .  The weight average molecular  weight  nw o f  the  e x t r a c t  i s  
determin d by a Waters Associates ALC/GPC 201 system us ing  two series-connected 100 w 
and 500 8 Microstyragel  columns. Fig. 6 i s  a s i m i l a r  p l o t  f o r  a h igher  ho ld ing  tem- 
perature.  The q u a n t i t y  i s  found t o  increase i n  bo th  cases. P re -ex t rac t i on  o f  
t he  coal  removes p a r t  o f  the l i q u i d  precursor ,  and l e s s  e x t r a c t  would be expected 
upon subsequent p y r o l y s i s  as was observed. 
the p l a s t i c  behavior o f  coal .  
t r a c t s  from raw coal samples w i t h  those from p y r i d i n e  pre-ext racted samples, sub- 
j e c t e d  t o  i d e n t i c a l  temperature-t ime h i s t o r i e s .  
d i f f e r e n t  heat ing h i s t o r y ,  are a l s o  shown. 

Th is  behavior can s i g n i f i c a n t l y  a f f e c t  
F ig .  7 compares the  y i e l d s  o f  py ro l ys i s -de r i ved  ex- 

A second se t  o f  comparisons, for  a 

Discussion o f  Resul ts  

The mechanism o f  p l a s t i c i t y  i n  coals  i s  n o t  we l l  understood f o r  r a p i d  heat ing 
and h igh  temperature cond i t i ons .  P l a s t i c i t y  and r e l a t e d  phenomena such as swe l l i ng  
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and agglomeration a re  d i rec t  consequences of l iquid formation by heating. Physical 
melting of part of the coal f i r s t  occurs when the temperature i s  sufficiently high. 
Subsequent pyrolytic bond breaking generates additional l iquid.  The i n i t i a l  liquid 
generated by physical melting may also dissolve part of the solid coal material. 
the same time, l iqu id  i s  l o s t  through evaporation of i t s  l igh ter  molecules (volati les) 
from the par t ic le ,  and t h r o u g h  repolymerization and cracking reactions. This picture 
i s  supported by our present d a t a .  The kinetics of ex t rac t  generation and destruction 
as  inferred from the screen heater experiments correlates well w i t h  the p las t ic i ty  
data,  as  shown in Fig. 8. I t  seems reasonable t o  assume tha t  the amount of extract  
i s  an indication of the instantaneous l iquid metaplast content of the coal.  
we can ex t rac t  27% of pyridine solubles from the unheated raw coal. 
correspond t o  the material tha t  i s  solid a t  low temperature but undergoes physical 
melting as temperature exceeds the 'melting' point. O u r  observation w i t h  the plas- 
tometer, tha t  i n i t i a l  softening occurs around 580 K indepehdent of heating ra te  
(50 - 700 Ks-I), i s  consistent with the above observation as seen from F i g .  9.  I f  
this i n i t i a l  27% of material i s  pre-extracted, and afterwards the coal i s  subjected 
to  pyrolysis, the metaplast (ex t rac t )  formed by pyrolysis alone i s  much less  as seen 
from Fig. 7 .  The pre-extracted coal i s  expected t o  soften a t  a l a t e r  time (higher 
temperature) and the duration of p l a s t i c i ty  i s  shorter,  as  i s  observed (Fig. 4 d ) .  

f ication ra te  i s  i l l u s t r a t ed  from the pyridine insoluble curves in Figs. 5 and 6 .  
amount of insolubles reaches a minimum and then r i s e s  t o  an asymptotic value deter-  
mined by the competition of devolati l ization and resolidification rates.  
portion of the curves indicates e i ther  repolymerization reaction o r  cracking of meta- 
p las t  t o  a l igh t  gas and a solid,  or both. Repolymerization seems l ike ly  since the 
molecular weight of the metaplast increases with heating time (Figs. 5, 6 ) .  However, 
th is  can also be caused by selective evaporation of l i g h t  molecules from the metaplast. 
The devolati l ization ra te  also seems t o  be proportional t o  the instantaneous amount 
o f  meta l a s t  in coal. A t  higher holding temperatures (a973 K fo r  heating rates around 

has shorter width than the p las t ic i ty  curve. 
apparatus a r t i f a c t  since the mass transfer resistance f o r  vo la t i les  escape in the 
plastometer i s  much greater than in the screen heater. 

The duration of p las t ic i ty  a n d  the resolidification rate are quite sensit ive t o  
temperature-time history (Figs. 9 ,  10).  Fig. 10 shows how these vary fo r  plastometer 
runs a t  450 Ks-1 t o  four different holding temperatures. This behavior leads t o  the 
conceptually simple mathematical model based i n  part  on Fitzgerald's  metaplast theory 
( 6 ) .  
f i r s t  order kinetic model. 

A t  

In i t ia l ly ,  
This amount would 

The relation of extract  inventory to  the duration of p las t ic i ty  and t o  resolidi-  
The 

The rising 

500 Ks- P ) the p l a s t i c i ty  and  extract  curves do not correlate well. The extract  curve 
This behavior may in p a r t  re f lec t  an 

He considered the formation and destruction of metaplast t o  be described by a 

1 )  
kl k 2  

coal - metaplast - coke 

To simplify i t s  implementation here, equivalent component densit ies and negligible 
weight loss are assumed. To re la te  metaplast concentration t o  the apparent viscosity 
of the melt, an expression for concentrated suspensions by Frankel and Acrivos ( 7 )  
i s  employed. 
i s  given by, 

The r e l a t ive  viscosity u of a suspension a t  high solids concentration 

* 
where LI 
the maximum value of $ possible, and 1.1 i s  the viscosity of the continuous (solids- 
f r ee )  phase. We approximate @ = 1 - M where M i s  the metaplast weight fraction. 
Since the sample i s  i n i t i a l l y  a packed bed of so l ids ,  $m i s  assumed t o  be unity. 
This condition i s  possible i f  the solid elements of the suspension are t h i n  slabs 

i s  the viscosity of a suspension with a so l ids  volume fraction $, Om being 
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( lamel lae)  which i s  a reasonable rep resen ta t i on  o f  t he  layered s t r u c t u r e  o f  v i t r i n -  
i t e .  Solv ing Equation 1 f o r  metaplast  concentrat ion w i t h  the g iven temperature 
P r o f i l e  (constant l i n e a r  heat ing fo l l owed  by a constant  ho ld ing  temperature) and 
us ing E u a t i o n  2 a l l o w s 7  t o  be ca l cu la ted  if the r a t e  constants k ( = k o l  exp[-E~l /RT])  
and k ?ko2 exp[-E~e/RT]) a re  known. These q u a n t i t i e s  can be es t i ha ted  from labora-  
t o r y  % a h .  A t  a l a t e  stage o f  r e s o l i d i f i c a t i o n ,  the metaplast  format ion r a t e  i s  
ve ry  small ,  so 

i 

3) - -  :! - -k2M 

A t  small values o f  M (M<0.1), Equation 2 w i t h  the approximation $m = 1.0 i s  reduced t o  

4) 

5)  

- 27 1 
Ll = 8 (a) 

It then fo l l ows  t h a t  

d l n t -  7 - k2 = ko2 ~XP[-EA~/RT]  

The hold ing temperature i s  a good approximation f o r  T when reso l  i d i f i c a t i o n  occurs 
we l l  a f t e r  the hold ing temperature i s  reached (such as i n  F ig .  2 ) .  The experimental 
r a t e  of increase o f  the l oga r i t hm o f  torque i s  i d e n t i c a l  t o  the l e f t -hand  term o f  
Equation 5. A p l o t  o f  the l oga r i t hm o f  t h i s  q u a n t i t y  vs rec ip roca l  ho ld ing  tempera- 
t u r e  g ives a s t r a i g h t  l i n e  corresponding t o  an a c t i v a t i o n  energy  EA^ o f  133 kJ mole-1 
and ko2 of 2.0 x 108 s-1. Actual v i s c o s i t i e s  are measured i n  the  range 1 x 103 - 
1 x lo5 Pa s. Nazem (8)  measured the  v i s c o s i t i e s  o f  carbonaceous mesophase p i t c h  a t  
around 623 Kand found them t o  be between 30 - 200 Pa s .  
10 - 1,000 i f  we assume the s o l i d s  f r e e  metaplast  has a s i m i l a r  v i s c o s i t y .  For i l l u s -  
t r a t i o n  purpose, u 
458 Ks-1 heating r a t e  (4)  . The temperature dependence o f  v i s c o s i t y  o f  the s o l i d s - f r e e  
metaplast  i s  no t  considered here. 
same form o f  dependence o f  v i s c o s i t y  on r e a c t i o n  t ime  as the observed data i n  F ig.  10. 
Fig. 12 shows t h a t  t he  ca l cu la ted  p l a s t i c  pe r iod  (smooth curve), de f i ned  as the  t ime 
i n t e r v a l  when y* c 3.6 x 104 Pa s, f i t s  t he  l abo ra to ry  data w e l l .  

The above model i s  o f  p re l im ina ry  na tu re  and o f f e r s  oppor tun i t i es  f o r  improvement. 
Weight loss has no t  been considered i n  d e f i n i n g  metaplast  concentrat ion.  
o f  metaplast  i s  described on ly  by a f i r s t  order  chemical react ion,  i . e .  phys i ca l  me l t -  
i n g  i s  neglected. 
data w i t h  this.mode1 gave a l ow 'va lue  o f   EA^ more suggestive, i n  the present  context ,  
o f  k i n e t i c s  dominated by phys i ca l  t ranspor t  o r  phase change. Fur ther ,  Equation 2 
r e l a t i n g  metaplast concentrat ion t o  r e l a t i v e  v i s c o s i t y  was der ived f o r  the h i g h l y  
s i m p l i s t i c  case o f  s o l i d  spheres. 

gated. 
sho r te r  (4.5 and 4.2 s respec t i ve l y ,  compared t o  6.4 s a t  0.1 MPa hel ium pressure) .  
The r e s o l i d i f i c a t i o n  r a t e s  f o r  both cases a re  f a s t e r  than under 0.1 MPa helium. 
Under vacuum, the metaplast  may escape f a s t e r  from t h e  p a r t i c l e ,  r e s u l t i n g  i n  sho r te r  
p l a s t i c i t y  durat ion.  High pressure may favo r  repolymer izat ion reac t i ons ,  hence the 
r e s o l i d i f i c a t i o n  ra te .  The e f f e c t  o f  h igh  pressure on f l u i d i t y  agrees w i t h  i n f e r - .  
ences by Halchuk e t  a l .  (9 )  based on analyses o f  char  p a r t i c l e s  from screen heater 
p y r o l y s i s .  They found t h a t  t he  f l u i d i t y  o f  a HVA P i t t s b u r g h  No. 9 seam coal  dur ing 
r a p i d  p y r o l y s i s  a t  76OOC was lower  a t  pressures above 0.45 MPa, than t h a t  a t  
0.1 MPa. 

Hence jj would be o f  order  

s taken t o  be 120 Pa s. Values o f  ko l  = 245 s-1 and 

Calcu lated p l a s t i c i t y  curve i n  F ig .  11 shows the  

EA = 40.7 kJ mole- i are found t o  f i t  the p l a s t i c  pe r iod  o f  the experiments a t  

Generation 

This  seems p a r t i c u l a r l y  suspect .s ince curve f i t t i n g  the present  

The p l a s t i c  behavior under vacuum and h igh  i n e r t  gas pressure was a l s o  i n v e s t i -  
For both vacuum and 3.5 MPa ambient hel ium pressure, t he  p l a s t i c  p e r i o d  i s  
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Conclusions 

A new plastometer f o r  measuring the apparent viscosity of p las t ic  coals under 
rapid-heating, high temperature conditions has been developed and found t o  give 
reproducible data t h a t  a re  generally consist  n t  with expected p las t ic i ty  behavior. 

r a t e  of disappearance fo r  a Pittsburgh No. 8 bituminous coal depended strongly on 
pressure, temperature, and h e a t i n g  ra te .  However, the in i t i a l  softening temperature 
was insensitive t o  heating rate.  Pre-extraction of the coal w i t h  pyridine a t  389 K ,  
typically yielded 25 - 30 w t %  organic matter and strongly retarded p las t ic i ty  on 
subsequent heating by delaying i t s  onset and shortening i t s  duration. 

preliminary mathematical model relating viscosity of solid-liquid suspensions t o  
the transient concentration of a plasticizing agent generated and depleted by single 
f i r s t -order  chemical reactions i n  se r ies .  
qua l i ta t ive  accord with the other observations described above. 
t i ve  prediction of metaplast molecular weights, e f fec ts  of pressure and particle 
s ize  on p las t ic i ty  , and of softening temperatures will require tha t  transport 
processes and physical melting be included i n  the modelling. 
will also be needed t o  describe other softening related phenomena, such as swelling 
and agglomeration of par t ic les  i n  coal conversion processes and the role of plasticity 
i n  1 iquefaction kinetics.  

Under rapid heating conditions (40 - 800 Ks- f ) the duration of p las t ic i ty  and i t s  

The ef fec ts  of temperature on the duration of p l a s t i c i ty  were correlated by a 

This simple kinetic picture i s  also in 
However, quantita- 

More detailed modelling 
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